In this study, a distributed optical fiber sensing technique based on Brillouin optical time-domain analysis (BOTDA) is used to construct a complete bridge health monitoring system by continuously laying distributed sensing fiber lines in a steel box girder. e bridge scaffolding dismantling process is monitored to study the variation of the strain distribution. Additionally, a bridge finite element model is built to simulate the bridge scaffolding removed condition, and the strain distribution of the long-span steel box girder viaduct after scaffolding dismantling is compared with the measured values. is study provides a reference for monitoring the scaffolding dismantling process based on BOTDA technology.
Introduction
With the rapid development of the transportation industry, long-span bridges have been built in large numbers. As key components of the transportation network, the bridge safety, durability, and applicability are always of concern. During the construction and operation of bridges, various types of damage can occur to the bridge structure, which is subjected to various loads, the natural environment, and material degradation [1, 2] . A bridge health monitoring system is necessary to monitor the safe operation of bridges [3] [4] [5] [6] and take the corresponding technical measures in a timely fashion for the maintenance of damaged bridges.
In addition to safety monitoring during the service period, the structure and deformation of the bridge should be monitored during construction [7] [8] [9] [10] [11] . Because the bridge body is under severe stress changes during construction [12] , problems such as weld fracture and large deformations are likely to occur during this period [7] . In addition to considering the performance of the bridge itself, the safety of the structure when removing the support frame should be considered [8, 13] , since accidental collapse may occur during this period. Useful information can be obtained to minimize the construction uncertainty of bridge monitoring during construction [9] [10] [11] . A reliable and stable warning system is required to provide the time for remediation work on bridges before a disaster strikes. Longterm monitoring can provide accurate and reliable information about the nature and extent of bridge degradation, so bridge managers can make the correct decisions [8] .
erefore, it is also necessary to monitor the safety of the bridge body during construction. e subject of this research project is the steel box girder across the Huangxiaohe section of the Huangpu Street-Jinqiao Avenue Expressway Project in Wuhan, China. e distributed optical fiber sensing technology is used to monitor the deformation of the bridge during the dismantling process. During the assembly of the bridge box girder, to stabilize the bridge body, the bottom of the bridge is supported by a steel frame. After the bridge assembly work is completed, and the bridge body is basically stable, the scaffolding is removed. When the scaffolding is removed, the bridge body has no bottom support, so large deformations in the axial and vertical directions can occur, the bridge may be damaged, and occasional accidents may occur. erefore, the bridge behavior must be monitored during this period.
is study used Brillouin optical time-domain analysis (BOTDA) technology to monitor the whole length of the steel box girder strain during the dismantling process. A bridge finite element model was built to simulate the bridge scaffolding removed condition, and the results were compared with the measured values to study the correlation for each measurement line.
BOTDA Technology
is research project utilizes a distributed optical fiber system based on BOTDA [14] . is system is waterproof, corrosion-resistant, and durable. e sensing element is compact, lightweight, wide in measurement range, and easy to install [15] . e optical fiber is both a sensing element and a signal transmission medium and can realize remote distributed monitoring. At present, Brillouin optical timedomain reflectometer (BOTDR) and BOTDA are most commonly used in long-distance distributed temperature and strain measurements [16] . e BOTDR-based distributed optical fiber sensor detects self-emitted Brillouinscattered light, but due to the weak optical power, it is difficult to achieve high-precision, long-distance distributed sensing [15] . e BOTDA-based distributed optical fiber sensor utilizes the stimulated Brillouin scattering between direct-current (DC) detection light and pulsed pumping light to amplify the detection light through the stimulated Brillouin effect, which achieves characteristics, such as high-strength received signals, high measurement accuracy, and wide dynamic range [17] . Kwon [18] measured the change in distributed temperature on the building under construction by fiber optic sensors. Glisic et al. [19] monitored the integrity of old steel bridge using fiber optic distributed sensors based on Brillouin scattering. Mufti et al. [20] identified cracks of steel girders using BOTDA. Bernini et al. [21] measured the distributed strain of the bridge using a time-domain Brillouin sensing system. Zeni et al. [22] used Brillouin optical time-domain analysis for geotechnical monitoring. However, limited research has applied Brillouin optical time-domain analysis in the dismantling process of bridge supports. is technology provides high-precision temperature and strain measurements with submeter spatial resolution on the long sensing length [16, 17] . Another advantage of BOTDA technology is that the same optical fibers can be reused many times. erefore, the strain profile can be periodically obtained to allow the monitoring of the health of the structure under investigation throughout their service life [21] . For large-scale building structures, this technology is easily embedded and sensitive, and the distributed information of the structure can be simultaneously obtained [23] . e basic principle of BOTDA technology is that the laser emitters at both ends of the fiber inject a pulsed light and a continuous beam of light into the optical fiber. When the frequency difference between the pulsed light and the continuous light is equal to the Brillouin frequency shift of a certain interval in the fiber, there is a stimulated Brillouin amplification effect, and energy transfer occurs between the two beams [14] . According to the relationship between the fiber Brillouin frequency shift and the strain and temperature of the fiber, the frequencies of the two lasers are continuously adjusted, and the continuous optical power coupled from one end of the fiber is monitored to determine the frequency at the maximum energy transfer in each region of the fiber [17] . e frequency shift can be input into equation (1) to obtain the required strain or temperature information:
where ΔvB(z) is the Brillouin optical frequency shift, Δε(z) is the strain change at the sensing fiber, ΔT(z) is the temperature change at the sensing fiber, and C 1 and C 2 are the strain coefficient and temperature coefficient of the Brillouin frequency shift of the fiber, respectively. Coefficients C 1 and C 2 in the equation are not fixed and vary with the fiber. In general, these values need to be calibrated before use.
Long-Span Steel Box Girder Bridge
Health Monitoring e steel box girder (Figure 1 ) of the Huangpu Street-Jinqiao Avenue Expressway Project in Wuhan is a long-span steel box girder viaduct. A 3-span continuous steel box girder structure is used, and the lengths of the three spans are 100 meters, 150 meters, and 100 meters. In light of the safety problems that may occur during the construction and operation of the bridge, the structural health of the bridge during the construction process and the trial operation phase is monitored.
e monitoring system consists of three parts: the sensing layer, the network layer, and the application layer [4] . e sensing layer is composed of distributed optical fibers inside the bridge body, and the measured deformation data of the bridge are obtained using the laid fiber [15] . en, the measured bridge data are transmitted to the network layer and further analyzed and processed. e results of the final analysis are transmitted to the application layer, i.e., the deformation information is transformed into a report or graphical form that is easy to view and analyze, and the bridge is further analyzed [17] .
Six distributed sensing fiber lines are placed inside the steel box girder. As shown in Figure 2 , 1-4 are strainsensing fiber lines, and 5-6 are temperature-sensing fiber lines; the structure of the optical fiber is shown in Figure 3 . e optical fiber line is placed in the groove of the T-rib on the bottom surface of the bridge and fixed by a mixture of epoxy resin and curing agent at a certain ratio (Figure 4) , and the data are collected by a linked optical fiber demodulator. is research project uses the Omnisen DiTeSt fiber demodulator. e changes in the Brillouin frequency shift obtained from the temperature-sensing lines are subtracted from the sensor network monitoring data to eliminate the effect of temperature changes on the data. e bridge health 2 Advances in Civil Engineering monitoring system can achieve distributed strain measurements on the steel box girder with a sampling interval of 0.1 m and a strain measurement accuracy of 20 microstrains [17] .
Scaffolding Dismantling Process and Monitoring
is project is intended to study the deformation of the whole bridge during the scaffolding dismantling process, where the scaffolding under the steel box girder bridge is removed, and the weight of the bridge is supported by the piers. Scaffolding dismantling begins at the middle position of the 150 m span of the bridge body; two construction teams simultaneously perform the scaffolding dismantling work in the north and 
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Optical fiber φ125 μm Advances in Civil Engineering 3 south directions. rough the coordinated operation on both sides, the scaffolding is eventually removed ( Figure 5 ). When the scaffolding is removed, the bridge deformation is monitored by a real-time data monitoring system. Figure 6 shows the strain diagrams in the early stage of the scaffolding removal, where 0-350 meters represents the south-to-north direction of the bridge body.
In the early stage of scaffolding dismantling, the force structure of the bridge body greatly changes, and a large strain is generated. During the process of scaffolding dismantling, Advances in Civil Engineering Advances in Civil Engineering the stresses in different cross sections of the bridge vary due to the uneven stress distribution. In total, four strain-sensing fiber lines are laid during the implementation of the project, so it is possible to analyze and compare the force changes at different positions of the same cross section. Five days after the bridge scaffolding is removed, the bridge body is basically stable, and the stress distribution is fairly uniform. At this time, the differences in strain of the four lines measured on the same day are small. Figure 7 shows the strain diagrams of line 1 to line 4 after the scaffolding has been removed, and the result reveals that the differences in strain due to different line positions are not large.
Deformation Simulation of the Bridge Body after the Scaffolding Dismantling
To understand the deformation pattern of a long-span variable-cross-section steel box girder bridge under stress, a bridge model is built, and the shell element is adopted in the model (Figure 8 ). When the scaffolding is removed, the constraint condition of the bridge is only a vertical constraint at the pier, i.e., the vertical constraints are set at the north and south ends of the bridge and 100 m from the north and south bridge spans. A uniform gravity is applied to the established model, and the results are calculated. Figure 9 shows the simulated strain diagrams based on the numerical calculation at the positions of lines 1-4, and the field measurement result after the scaffolding removal is added in Figure 9 for comparison. Pearson correlation coefficient between the field measurement and the model analysis data is calculated. e correlation coefficients of lines 1-4 are 0.88, 0.83, 0.89 and 0.89, respectively. e field measured and analyzed strain of lines 1-4 has a very strong correlation. e measured data of the negative strain are slightly larger than the software simulation values because the software calculation conditions are ideal, but the welding stress and uneven distribution of stress in the bridge during the field construction can affect the strain values. In the finite element model, the constraints added at the pier are vertical constraints, and there is no constraint in the radial direction of the bridge. However, although the bridge support has no fixed constraint in the radial direction, due to the existence of the frictional force, there are certain constraints in the radial direction.
Conclusions
e monitoring of the bridge during the scaffolding dismantling process can reveal the strain redistribution. In this study, the distributed sensing fiber lines were installed in the steel box girder, and each line had a length of more than 350 m. e on-line monitoring of the bridge strain during the scaffolding dismantling process was carried out. e data with an interval of 0.1 m recorded the strain distribution of the whole length of the steel box girder. A bridge finite element model was built to simulate the scaffolding removed condition, and the strain distribution results were compared with the measured data to study the correlation for each measurement line. is study revealed the box girder strain redistribution caused by the scaffolding dismantling process. In future studies, the bridge finite model will be updated based on results obtained in the field, and the safety performance of the bridge will be comprehensively evaluated.
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